The alignment of vorticity and scalar gradient with the eigcndirections of the rate of strain tensor is investigated in turbulent buoyant nonpremixed horizontal and vertical flames. The uniqueness of a buoyant nonpremixed flame is that it contains regions with distinct alignment characteristics. The strain-enstrophy angle ^ is used to identify these regions. Examination of the vorticity field and the vorticity production in these different regions indicates that ^ and consequently the alignment properties near the flame surface identified by the mixture fraction band F=F st differ from those in the fuel region, F>F st and the oxidirer region, F<F SI . The F=F J( band shows strain-dominance resulting in vorticity/or alignment while F>F SI (and F<F SI for the vertical flame) band(s) show(s) vorticity//? alignment. The implication of this result is that the scalar dissipation, e f , attains its maximum value always near F**=F sl . These results are also discussed within the framework of recent dynamical results [Galanti et al., Nonlinearity 10, 1675] suggesting that the Navier-Stokes equations evolve towards an attracting solution. It is shown that the properties of such an attracting solution are also consistent with our results of buoyant turbulent nonpremixed flames.
I. INTRODUCTION
More than 40 years ago, Batchelor and Townsend 1 suggested that the material lines consisting of fluid particles tend to align along the direction of the largest principal rate of strain, denoted by a. They also indicated 1 that this alignment is unlikely to be perfect since the principal axes of strain rotate relative to the fluid. Indeed, Kerr, 2 and Ashurst et a/., 3 observed that in homogeneous isotropic and homogeneous shear turbulence, the vorticity alignment is not with the largest strain direction but with the intermediate strain, denoted by ft. Dresselhaus and Tabor 4 showed analytically that the competition between the strain and rotation determines whether the material (or vorticity) lines will align with a or (3 direction. Nomura and Elghobashi, 5 and Boratav et al. showed that for the variable density flows of nonpremixed flames with heat release, the vorticity tends to align along the a strain direction.
The analyses of Dresselhaus and Tabor 4 and Boratav et al. 6 led to a vector equation which can be written for the most general case as: a-D
(1) -(ft' + C-ft)xA.
The components of the unit vector A are the direction cosines of the unit material or vorticity element with respect to the strain orthonormal eigendirections e a , e^ and e r , where a, /3, y denote the eigenvalues of the rate of strain tensor with the conventional ordering, a>/3>y. The direction of the unit vector A is along the material or vorticity element.
ft' is the rotational velocity vector of the strain basis axes. C accounts for the coriolis effect of the baroclinic torque. For incompressible flows, the velocity divergence D, (D = a + f) + -y), and the baroclinic term C are zero. For the vorticity element analysis, the cross product flxA is zero.
Dresselhaus and Tabor 4 examined the material element alignment for an incompressible flow and used the notation X for A. Boratav et al. 6 examined the vorticity element alignment and used the notation ft for the variable A. £ in Eq. (1) is a quadratic nonlinear term which contains the eigenvalues a, ft and 7. In an incompressible flow, t, is defined as £ = £i ine = a\* + ft\l+y\l. For the variable density vorticity alignment, our previous result 6 and further analysis show that £-€vorticity =a tii + PQ'l + 'YQ'l-D-II can be shown that D appearing in the £ definition cancels with that in the first term on the right hand side of Eq. (1). Thus, the divergence D does not affect A directly, but D affects the alignment indirectly via its presence in the vorticity equation. In turbulent nonbuoyant flames, the density reduction causes D to be positive and thus creates a sink of vorticity 5 ' 11 in the reaction zone. Accordingly, a region of weak vorticity and strong strain is created in the reaction zone of turbulent nonbuoyant flames. 6 The implication of this result in turbulent buoyant flames will be discussed in Sec. HI.
The present work aims at addressing the following two points: First, as numerous studies of the vorticity-strain alignment indicate certain universality, we would like to investigate whether our results for buoyant flames show the same trends, and to understand why these universality trends (or lack of) exist.
Second, we would like to study the alignment of the scalar gradient vector VF with the strain eigenvectors, and establish whether this VF alignment is conditional on the 1070-6631/98/10(9)/2260/8/$15.00 2260
Boratav, Elghrjbashi, and 2hong "226i value of the mixture fraction F. The alignment of VF with the strain eigendirections has direct relevance to the chemical reaction process in turbulent nonpremixed flames since it controls the temporal development of the scalar dissipation rate and subsequently the progress of the chemical reaction.
The motivation for studying the alignment of strain, vorticity and scalar gradient in a buoyant nonpremixed flame is the unique feature of this flow of consisting of regions of quite distinct alignment characteristics as will be discussed later.
The paper is organized as follows: We present a brief description of the flow, and the solution method of the governing equations in Sec. H We discuss the vorticity-strain alignment characteristics in Sec. in. We introduce a quantity, , to measure .the relative magnitude of vorticity with respect to strain in Sec. ID A. We examine the regions in the flow field having different ty characteristics in Sec. in B. We examine the vorticity-strain alignment pdfs in these in Sec. ni C. In Sec. ni D, we study the effects of the vorticitystrain alignment characteristics on the scalar gradient-strain alignment by examining the evolution equation of the scalar gradient vector [Eq. (4)]. We discuss the universality of the alignment results in Sec. IV.
II. FLOW DESCRIPTION
The two flow configurations (horizontal and vertical flames) chosen for the study are shown in Fig. 1 . This figure shows a cross-section of the three-dimensional solution domain. The first configuration describes a horizontal flame for which the initial interface between the parallel and uniform mean-velocity streams of fuel and oxidant is perpendicular to the gravity vector. The second configuration describes a vertical flame for -which the initial interface between the fuel' and oxidant streams is parallel to the gravity vector. For both cases, the gravity vector is in negative z direction.
The flow is subsonic and the domain is unbounded and thus the thermodynamic pressure is assumed uniform in space and constant in time. In small Mach number turbulent flows with density variations arising from chemical energy release, the kinetic energy is small in comparison to the thermal energy. In order to compute such a flow, the full set of compressible equations may be employed. However, this has the computational disadvantage of a rather severe time step limitation in order to resolve the high frequency acoustic waves. In subsonic (small Mach number) flows, the time scale of the acoustic waves is much smaller than those associated with the convection processes. Since the acoustic fluctuations do not interact effectively with the fluid dynamics, they can be neglected. Simplifications to the fully compressible equations can therefore be made based on the small Mach number conditions. The resulting governing equations are similar to those of McMurtry et a/., 7 except that the buoyancy forces are included in our equations. The threedimensional, time dependent, variable density continuity, Navier-Stokes and energy equations are solved together with the conservation equations of the mass fractions of the fuel and oxidizer. The chemical reaction between the fuel and oxidizer follows a single-step, irreversible, binary reaction with Arrhenius kinetics. The molecular viscosity, mass diffusion coefficient, thermal conductivity, and the constantpressure specific heat are assumed to be invariant in time and space. The boundary conditions are periodic for the xz and yz plane boundaries, while a convective outflow boundary condition is imposed along the xy plane boundaries. The flow field is initialized with a prescribed energy spectrum which is proportional to ke~k where k is the magnitude of the wave number vector.
The governing equations are discretized using a staggered grid and a semi-implicit second-order finite differencing scheme. The source terms in the energy and species equations are discretized using the Crank-Nicolson implicit method. The Poisson equation for the pressure is solved using a FFT combined with a tri-diagonal matrix solver following the algorithm by Schmidt et a/. 8 Three different grids with 96 3 , 128 3 and 192X96X96 points were used for the simulations with an initial Reynolds number based on Taylor microscale, /? x = 25. Two grids with 128 3 and 192X96X96 points were used with an initial K x = 35. In all the simulations, the resolution criteria r)k maji >1.8 is satisfied, where rj is the Kolmogorov length scale and k max is the maximum resolved wave number in the field.
The value of R\, and the number of grid points were prescribed such that the motion at the smallest scales are well resolved. This insures that the velocity and scalar gradients (including pressure gradients) are well resolved. The resolution accuracy is evaluated by comparing the results. of the simulations using grids with successive refinement. For the nonbuoyant flame, the difference between the values of the pressure Hessian [Eq. (8) , i.e., increasing the resolution by a factor of 2.37, resulted in less than 2% change in the values of the pressure Hessian. For the buoyant flame, the gradients arc steeper than those in the nonhuoyant flame. In order to resolve these gradients, we placed more points in the direction which has the steepest gradients, namely, the gravity direction. Here again, the values of the pressure Hessian from simulations with the two grids: 96 3 and 192 X96 2 differed by less than 5% near the F s , surface. The turbulence is allowed to develop without chemical reaction until the velocity derivative skcwness reaches a value of approximately equal to 0.5. At that time, the chemical reaction is allowed to take place between the two nonpremixed streams of fuel and oxidizcr.
The ranges of dimensionlcss numbers tested are: Damkohkr number=1000, 5000, °c; Froude numbcr=7, 10, 18 and x ; and R^ = 25 and 35. This paper will present results of only two buoyant flames, one horizontal and the other vertical with Damkohler number=5000, and Froude number = 10. The initial /? x of the horizontal and vertical flames equals 25 and 35, respectively. We will refei also to the corresponding nonbuoyant flows of the two cases whenever necessary.
All the simulations continued until a non-dimensional time / = 6, which equals about three eddy turnover times. The simulations are terminated before the expanding flow approaches the boundaries and starts to invalidate the imposed boundary conditions.
All the presented results are obtained at t = 5 to insure that the maximum values of scalar dissipation, reaction rate, and temperature are already attained.
III. RESULTS

A. Strain-enstrophy state
The studies of Batchelor and Townsend, 1 Dresselhaus and Tabor, 4 and Boratav et al. 6 show that the relative magnitudes of the strain and rotation terms determine the vorticity/strain alignment characteristics. The rotation terms [see Eq. (5.4) of Batchelor and Townsend, 1 Eqs. (12) and (19) of Dresselhaus and Tabor, 4 Eq. (2) of Boratav et al. 6 or Eq. (1) in the present paper] consist of the vorticity, the rotation of the strain axes, and for the variable density case, the baroclinic vorticity production. For both incompressible 4 and compressible 6 flows, when the strain is dominant over the rotation, the material lines and the vorticity lines align along the direction of the maximum strain a. In this section, we focus on the relative magnitudes of the strain and vorticity. The effects of the rotation of the strain coordinates on the alignment will be briefly discussed in Sec. Ill C.
We examine the relative magnitudes of the strain and vorticity at each mesh point in a zone of containing the flame surface using a "Strain-Enstrophy State" plane. The abscissa and ordinate in that plane are the local enstrophy w •<a/2=RijRjj and the mean square strain rate 5,-; -5,-7 -. The polar coordinates of a given point on that plane are the distance, A, from that point to the origin and the counterclockwise angle, denoted by the Strain-Enstrophy angle, ty, and measured from the abscissa: The definition of ^ in (3) indicates thai large values of (^> 45°) are associated with strain-dominaled regions, and smaller values of ty (<S45°) denote enstrophy-dominated regions. Since we are interested in the effects of chemical reaction (density variation) on the turbulence structure, we will focus our attention on a mixture fraction zone (0.15«F «0.85) surrounding the stoichiometric reaction surface (F = 0.5).
In order to identify regions with different ^ characteristics, we first examine the enstrophy characteristics of the different regions (Sec. Ill B) and then compute the ^ characteristics (Sec. Ill C).
B. characteristics
In order to determine the enstrophy (/?,y/?, y ) characteristics of the different regions, we examine the vorticity isosurfaces, and investigate the importance of different terms in the enstrophy equation in these regions.
We present in Fig. 2 and Fig rotating vortices. The solid lines are the F-isosurfaces surrounding the F st surface. It is seen from the figures that the horizontal flame F s , surface is saddled by quadruples whereas the vertical by dipoles. For the horizontal flame, the vorticity above the F sl surface is stronger than that below. For the vertical flame, the magnitudes of vorticity on both sides of the F sl surface are nearly the same.
Boratav et al. 6 show that the baroclinic torque is the main source of vorticity production in buoyant nonpremixed flames. This term changes sign across the F sl surface and vanishes at that surface because the density gradient changes signs across the reaction zone. They 6 also show that the largest magnitude of fluid velocity is along the gravity direction (w, the ^-component of the velocity) and occurs at the F sl surface (i.e., at the location of minimum density). Away from the F sl surface, the fluid density increases, resulting in smaller w. Thus, dwldz, which is the major contributor to V-u changes sign across the F sl surface. For regions of F <F SI , it is positive, and for F>F SI , it is negative, thus resulting in stronger vorticity in the former than in the latter, in the horizontal buoyant flame.
Similar arguments can be made about the vortex stretching term, namely, the dominant contributor to the stretching term is dwldz, which changes sign across F It . Thus the vorticity production due to the stretching is mainly in the regions of F>F SI , resulting in stronger vorticity there.
In summary, the strong baroclinic torque creates vorticity in both regions of F>F S , and F<F SI . The velocity divergence and the vortex stretching terms produce stronger vorticity in regions of F>F SI compared to that in F<F sl in the horizontal flame. There is no such distinction between these regions in the vertical flame. The vorticity attains its minimum value at the F sl surface, as presented in Fig. 4 , which shows the F-averaged enstrophy for different values of Froude and Damkohler numbers.
C. W and alignment
Based on our analysis in the previous section, we classify the flow field into three distinct regions corresponding to the following mixture fraction values: (i) F -F SI ; (ii) F > (iii) F<F SJ . In order to have sufficiently large As discussed earlier, in the horizontal buoyant flame, the vorticity is small in F°, and large in F + . Also, the vorticity in F + is larger than that in F". Figure 5 (a) shows that the flow is strain-dominated not only in F°, which is expected, but also in F~~ which is a manifestation of the fact that vorticity is small relative to the strain in these regions. On the other hand, as seen from Fig. 5(a) , for F + , the vorticity strength relative to strain increases. Figure 5 (b) presents the alignment characteristics for the same flow of Fig. 5(a) . In this figure, the x axis is the cosine of the angle between the vorticity and the largest strain direction, denoted by cos 6 a . The two strain-dominated bands, F° and F~ show a alignment trends, the former being stronger (i.e., larger probability values). On the other hand, the F + band in which the vorticity is more dominant than the strain, does not show a alignment trends but ft (this is not shown here due to space limitation). It should be mentioned that the strain rotation term ft' is not included as part of the rotation terms in the definition of . Our computations show that this term is small compared to the other rotation terms (i.e., vorticity and baroclinic term), and thus it is not included in the ty definition.
D. Scalar gradient alignment
Now we discuss how the vorticity alignment influences the scalar gradient alignment with the strain eigenvectors. We consider the evolution equation for the scalar gradient: .10 z? D? (4) where ^y denotes the viscous term. The contribution of the second term on the right hand side ofEq. (4) is to move VF toward a direction perpendicular to the vorticity vector. And as discussed in the previous section, the flow in the F° band is strain-dominated and the vorticity aligns with the a eigenvector. Thus, for the F° band, VF will move toward a plane containing e^ and e y . In other words, VF will be strained only by ft and y strains. Since |y|>|/3|, the deformation of VF will be mostly along the y direction. In incompressible turbulence, simulations by Kerr 2 and Ashurst et al. 3 show that the \y\l\P\ ratio is about 4. Our simulations show that the average of this ratio in the F° band is much larger than 4. Thus, VF is expected to align strongly along e r in the F°b and.
On the other hand, for the F + (and F~ for the vertical flame) band(s), the vorticity aligns along the ft eigenvector. Thus, VF will be on a plane strained only by a and y strains. The dominant direction of deformation will depend on the relative magnitudes of a and y. We quantify this relative magnitude by computing the a-y angle O a _ y defined as: j. Figure 1 displays the pdf of this angle for the vertical flame. The pdf shows that the most likely angle value is around 40°. This is equivalent to a ratio of |y|/la| = 1.19.
The pdf of the cosine of the angle between VF and e y for the vertical buoyant flame is shown in Fig. 8 . As discussed above, in the F° band, the \y\l\P\ ratio is large, resulting in good alignment between VF and e ? as seen in Fig. 8 . On the other hand, in F + (and F~ for the vertical flame) band(s), as seen in Fig. 1 , the pdf of the a-y angle has its most likely value at an angle of 40° (note that cos 40° =0.77) which 1S Consistent with the oosinp of die angle between Vfã nd y eigendirection given in Fig. 8 In summary, our results show that both in the absence and presence, of buoyancy, the-F° band in nonpremixed flames is strain-dominated, mainly due to the small vorticity and large strain in this region. Accordingly, the vorticity (albeit small) aligns along the a direction in F°. Consequently, the scalar gradient VF aligns along y in F°. Figure 9 shows that for a wide range of simulation parameters (not all are shown here), the peak scalar dissipation e F =VF-VF always occurs within F°.
IV. UNIVERSALITY OF ALIGNMENT
We have discussed in the previous sections that if the relative magnitudes of strain and vorticity are known, the preferential alignment directions of the vorticity and the scalar gradient vectors can be predicted. However, we did not explain why the dynamics moves toward such a state.
Recently, Gibbon and Heritage 12 and Galanti era/. 13 suggested that the alignment trends similar to those obtained here and in literature l3 can be a manifestation of an attracting fixed point of the Navier-Stokes equations and in this _sense._the.aliEnmentjs universal. In this section, we compuie certain quantities which appear in their 12 ' 13 analysis and check whether our results are consistent with the existence of such an attracting solution.
Gibbon and Heritage 12 and Galanti et a/. 13 indicated that the fixed point in the Navier-Stokes equations is associated with the angle 6 between the vorticity and vorticitystretching vector. This angle is given by:
When 0=0, the vorticity and stretching vectors are parallel and the vorticity is stretched. Also, when the vorticity aligns with an eigenvector of the rate of strain tensor, then the vortex stretching vector S-o> will also align with the vorticity, resulting in 0=0 or 0=ir. For Burgers vortex, 9 value is strictly equal to zero. It is shown 12 ' 13 that cos 6 approaches unity as the solutions move to the attracting fixed point.
The above analysis can be extended to the variable density case 12 if f=o>/p is used instead of the vorticity at, and the variable density stretching, a p =(at/p)-V\i is used instead of S-&>. Figure 10 shows the pdf of the angle between A quantity whose evolution has been examined in detail 12 ' 13 is the scalar A. s (in Ref. 13 , a) defined as: (6) fa-to for incompressible flows. For the Burgers vortex, AS is equal to the applied external strain which is positive. For the attracting solution given in Refs. 12 and 13, the solution has a stable fixed point for A^>0. For the variable density flows, this quantity is defined as:
A,
The F-averaged A 5 distributions for the horizontal and vertical flames are shown in Fig. 11 . We note that A s values are positive in all F bands. Also, the largest A s values on the average are in the F° band for both the vertical and horizontal flames, due to the fact that the denominator, (ca/p) • (<w/p) in (7) is small compared to the numerator, in that band. Another scalar quantity of interest 12 ' 1 is A P , which is related to the pressure Hessian P. For the variable density flows, the pressure Hessian P and A/> arc given by: 12 ' 13 (8)
For Burgers vortex, the quantity A/> is strictly negative. For the attracting solution given by Refs. 12 and 13, as the solution moves towards the fixed point, A/> becomes negative.
Our simulations show that A/> is negative for all F bands for both the vertical and horizontal flames. A/> attains its peak negative (minimum) value in the F° band for both flames.
Finally, we examine how buoyancy changes the character of the pressure Hessian tensor P: Eq. (8) shows that for constant density, the pressure Hessian tensor P p ,-; , is a symmetric tensor and its eigenvalues are real. This is not the case for the variable density flow. As an example, we write the following two elements of P p ,ij '• d 1 l\ dP 1 d 2 P
\\ dp i a 2 p (10) and the two elements are not necessarily equal in the presence of buoyancy. Therefore, buoyancy creates eigenvalues of P p ,ij which are complex.
To verify this argument, we have computed the eigenvalues of P p> ij for both horizontal and vertical flames. The results of the two cases are similar and thus we present only those of the vertical flame. We use the notation introduced by-Chong et a/.
14 to classify the eigenvalues of P p<ij . For the variable density case, the sum of the eigenvalues denoted by the invariant P is not necessarily zero, and thus the categories of P>0 and P<0 exist.
We find that, for the vertical flame, 85% of all mesh points belong to one of the eigencategories with all real eigenvalues. Following Chong era/., 14 these categories with only real eigenvalues are labeled as la (all negative eigenvalues), \b (all positive eigenvalues), 6a (two negative, one positive eigenvalue) and 6b (two positive and one negative eigenvalue). They contain, respectively, 6.6%, 7.2%, 35.72% and 34.9% of all the mesh points. The rest of the points (15%), are distributed among the categories 9a, 9b, 10a and \Qb which have one complex conjugate and one real eigenvalue. (See Ref. 14 for details of the classification of eigenvalues.) They contain respectively 4.9%, 2.8%, 3.1% and 4.7% of all the points. Figure 12 shows the pdfs of the strain-enstrophy anglê for each of these eigencategories. In this figure, the lines for categories with real eigenvalues which contain more points appear smoother. As was discussed earlier, in the F°b and, the ty values are close to 90°, and we see from Fig. 12 that they belong to either la (i.e., ) or 6a (i.e., H ). Figure 12 also shows that at the other extreme of the Sf pdfs (i.e., ^=0°) where vorticity dominates over strain, most points belong to the category Ib (i.e., + + +). Between the two extremes of ^ (i.e., ^0°
and ^==90°), all the categories with complex eigenvalues are seen (Fig. 12 ) in addition to the group 6b which has all real eigenvalues. Recall from Fig. 6 (a) that mesh points with ty=40° belong to the F + and F~ bands. We conclude that buoyancy produces complex P pi ,-7 -eigenvalues in the F + (and F~ for the vertical flame) band(s). On the other hand, the F° band (which has *«*90°) has mostly real P pti j eigenvalues indicating that buoyancy effects are not considerable at the flame surface.
V. CONCLUDING REMARKS
In turbulent nonpremixed flames, buoyancy effects can be summarized as follows: Buoyancy generates strong vorti-" ces on both sides of the flame surface (F sl ), and thus reduces the strain-dominance in the field. This reduction results in the vorticity alignment with the ft strain away from the flame surface.
The strain-enstrophy angle ^, can be used to determine the regions in which a or ft alignment trends are expected. The motivation for introducing ty is based on the alignment equation [Eq. (1)] which we derived for the variable density case. This equation indicates that in regions where strain dominates over vorticity (or equivalently the baroclinic term), a alignment is expected.
The alignment characteristics of the region near F,, (denoted by F°) are not affected by buoyancy. This result is of importance to the scalar field. The peak scalar gradient (dissipation rate C F ) occurs in F° regardless of the presence of the buoyancy.
Our results are consistent with the recent analysis of Gibbon and Heritage 12 and Galanti et a/. 13 which suggested that the Navier-Stokes equations evolve toward an attracting solution. All the requirements for the solution of the NavierStokes equations to move to an attracting fixed point are met in the flows we considered in this paper. One drawback of the analysis of Rcfs. 12 and 13 is that it docs not distinguish between the a alignment and the /3 alignment. Also, Ihc analysis 12 ' 13 ignores the dynamics of regions with large strain/small vorlicity. In fact, along a vorticily null line A. s and A P arc undefined.
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